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1 INTRODUCTION 
THE control of an Unmanned Aerial System 

(UAS) has gradually developed a highlighted research 
field in the robotics society (Portugal, et. al. 2015). 
Due to its small size, Vertical Take Off and Landing 
(VTOL) properties, it has the capability of hovering 
with reduced maintenance and construction (Ortiz, et. 
al. 2014). Therefore they are widely used in 
surveillance, monitoring applications like firefighting, 
agricultural, manholes and armed forces missions 
(Murphy, et. al. 2016), (Ali, et. al. 2017) and (Yue, et. 
al. 2012). The aforesaid applications of UAS require 
perfect control for stability of aerial vehicle that help 
to work accurately in a hazardous environment.  

The research on UAS depends on many areas of 
engineering like control system, signal 
communication, aeronautics and astronautics. For 
study of UAS, many hardware test benches are 

required to design the precise aerial vehicle with 
accurate control structure (Gasior, et. al. 2016). The 
dynamic model of UAS is highly nonlinear and under-
actuated in nature. The classical strategies were 
previously designed for controlling the nonlinear 
dynamics of UAS is described in (Ali, et. al. 2016a) 
and (Pappalardo, et. al. 2017). Additionally, other 
control algorithms like Proportional Integral 
Derivative (PID) control (Pounds, et. al. 2012), 
Nonlinear back-stepping control (Wang, et. al. 2016), 
Sliding Mode Control, (SMC) (Shima, et. al. 2006) 
etc., have been designed to control the dynamics of 
aircraft. In addition, the above-mentioned schemes are 
used for the stabilization of aerial vehicle provides a 
trade-off with respect to time. The Model Reference 
Adaptive Control (MRAC) attract researchers due to 
its better efficiency for controlling the highly 
nonlinear dynamics of the system which can vary with 
respect to time under different internal, external 

 
ABSTRACT 
In this article, adaptive hybrid control scheme is proposed for controlling the 
position of a coaxial tri-rotor unmanned aerial system (UAS) in the presence of 
input saturation and external wind disturbance. The adaptive hybrid controller 
consists of model reference adaptive control with integral feedback (MRACI) 
and proportional integral derivative (PID) controller. The adaptive controller 
deals with the flight dynamics uncertainties and PID controller is used for tuning 
the gains of MRACI whereas the stability of system is verified by Lyapunov 
stability criterion. The integrator improves the order of the system thereby 
improving the convergence rate by rejecting the noise and eliminating steady 
state errors. Moreover, anti-windup Compensator (AWC) is used to handle the 
saturation problem. The designed algorithm is applied to a six degree of 
freedom (6-DOF) nonlinear model of coaxial tri-rotor UAS. Simulations are 
carried out to validate the reference path of UAS and are compared with MRAC. 
In this article the wind disturbance test is also performed to check the 
robustness of the designed controller. It is observed that the proposed 
algorithm exhibits, quick error convergence, zero steady state error and 
robustness in the presence of input saturation and external wind disturbance. 
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disturbances and system uncertainties (Shao and 
Wang 2015). The MRAC algorithm is constructed on 
behalf of the functions of adaptive switching laws for 
tracking errors in conjunction with different stability 
analysis like Massachusetts Institute of Technology 
(MIT) rule or Lyapunov stability theory which gives 
the assurance that the trajectory of the aircraft 
converges at the desired state in finite time 
(Ghodbane, et. al. 2016).  Castillo, O., and Cervantes, 
L. (2014) have proposed the longitudinal control of 
the aircraft by augmenting the genetic algorithm 
which is based on optimal type-1 and type-2 fuzzy 
systems. The planar vertical takeoff and landing with 
adjustable pitch propeller rotors for the attitude 
stabilization of aircraft was proposed by (Lara, et. al. 
2014). They gives the concept the thrust is induced 
with the propeller pitch angle instead of varying the 
speed of rotor and this idea enhance the 
maneuverability of the aerial vehicle.  

To specify the parameters of the controller, 
stability and its robustness, standard control strategy 
MRAC is utilized theoretically with the discussion of 
their structures. For quick convergence of tracking 
error, the preferred poles of the system is chosen far 
away from the starting point on the left hand of the 
system (s-plane) to increase the gain of controller. The 
MRAC based hybrid control scheme was initially 
offered by (Hsu, et. al. 2007). The key features of the 
proposed controller are, to handle the system 
disturbances, good transient response and robustness 
of constraint uncertainties. Znidi, et. al. (2016) robust 
vs MRAC algorithm was designed for quad-rotor 
aerial vehicle with undefined system dynamics. The 
adaptive hybrid scheme consists of the fuzzy based 
Regulation Pole-placement and Tracking (RST) 
controller by (Ali, et. al. 2016b).  

In this paper, MRAC augmented with the proposed 
adaptive hybrid controller which consists of MRACI 
and PID scheme for controlling the coaxial tri-rotor 
UAS. In autonomous systems, MRAC with integral 
feedback is commonly used such that the adaptive 
controller is presented to deal with uncertainty in 
flight dynamics and the gains of MRACI are fine-
tuned by the PID controller by (Eugene and Kevin 
2013) and (Sarhadi, et. al. 2016). The integrator raises 
the order of the system and the convergence rate but 
eliminates the steady state errors and rejects noises. 
Adaptive control with input saturation and external 
disturbance is also offered in this article. Model 
uncertainty and actuator saturation are considered as 
the main issues to control the autonomous systems. 
Initially, adaptive control is used to control the model 
uncertainty in autonomous flight. To handle the input 
saturation problem, a Riccati based AWC is 
employed. Furthermore, the wind disturbance test is 
done to check the robustness of the designed 
controller. An adaptive hybrid controller shows better 
efficiency towards the convergence of the system at 
equilibrium points.  

A new methodology is proposed for hybrid control 
scheme to control the nonlinear dynamics as well as 
input saturation and external wind disturbance in the 
UAS. Furthermore, the traditional MRAC method 
results are not good enough for the convergence of 
tracking error. As the convergence speed of the 
nonlinear system is slower than the linear system 
especially when the adaptable state of the system close 
to the equilibrium points (Ulrich, et. al. 2012). With 
the help of a novel adaptive hybrid algorithm, the 
convergence tracking error of the system proceeds to 
zero with the definite time of interval. The inspiration 
of this work is addressed to the difficulty of the 
desired orientation of UAS, but by utilizing the 
attractive benefits of adaptive switching laws. This 
work also point out the problems of robustness, 
effectiveness, fast error convergence, noises and 
uncertainties in the model of UAS (Chen, et. al. 2016). 

In this paper, adaptive hybrid controller is 
proposed that has a greater efficiency and better 
improvement towards the tracking performance in 
translational and rotational velocity subsystems. 
Therefore, the most important thing in UAS is its 
stability time (to change its altitude and the proposed 
controller quickly to stabilize the system). If the 
suggested algorithm is failed to stabilize the attitude of 
the UAS, specifies that the transient performance of 
the controller is ordinary. For the better transient 
performance, a new adaptive hybrid algorithm is 
designed for the dynamic model of coaxial tri-rotor 
UAS. 

The main advancements of this paper are: (1) a 
new adaptive hybrid controller scheme is designed in 
which MRACI algorithm removes the system 
uncertainties and steady state errors, secondly the 
adaptive gains are regularly fine-tuned by PID 
controller; (2) the integral action in MRACI help us to 
reject the external disturbances; (3) the designed 
controller uses translational and rotational velocity 
subsystem, which is most realistic and suitable; (4) 
stability of the UAS is proven by Lyapunov stability 
analysis; (5) Riccati-based AWC is used to add the 
saturation in the system and wind disturbance test is 
done to check the robustness and efficiency of the 
control scheme.  

The organization of this article is organized as 
follows. Section 2 defines the coaxial tri-rotor UAS 
model and its preliminaries followed by the designing 
of the control structure in section 3. Section 4 
demonstrates the simulated results showing the overall 
robustness, efficiency and validity of the proposed 
controller. Section 5 concludes the whole article. 

2 THE COAXIAL TRI‐ROTOR UAS MODEL AND 
ITS PRELIMINARIES 

THIS part of the paper defines the orientation of 
UAS and its modeling by using the rotational matrix 
that is followed by the linear and angular velocity 
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subsystems of the UAS. The position of the aircraft is 
demonstrated by using the rotational matrix and it 
depends upon the Euler angles (Roll, Pitch, Yaw) of 
the system (Stevens, et. al. 2015). Roll, pitch and yaw 
(Euler Angles) are used to derive the attitude of the 
UAS around X, Y, Z axes respectively. Coaxial tri-
rotor UAS has six actuators which are fixed in a 
triangular frame of the aircraft and the system input, 
output forces and torques is written by, 

ቊ
		 ௜݂ ൌ ௜ݑ	ݐ݇

ଶ → |௜ݑ|௜ݑ	ݐ݇
߬௜ ൌ ݇߬ ௜ݑ

ଶ → |௜ݑ|௜ݑ	߬݇
 

(2) 

where i ൌ 1, 2, … .6 for all six rotors of the UAS.  
UAS with coaxial tri-rotor consists of two rotors on 

each rotational axis having six rotors in a single UAS 
(Yoo, et. al. 2010). The yaw movement is associated 
with every axis and is balanced by using rotors having 
opposite rotation. Therefore it provides greater 
stability as compared to a single rotor but consumes 
more power. The core advantage of a tri-rotor UAS 
over quad-rotor UAS is that it utilizes less power due 
to three actuators with minimum complexity. All of 
the above points become major advantages of tri-rotor 
UAS over quad-rotor UAS (Farooqi, et. al. 2016). For 
quad-rotor UAS, usually the control problem is to 
achieve the tracking position of the coordinate system 
and yaw angle.  A common problem exist in tri-rotor 
is that unpaired rotor reaction produce return torque 
using yaw angle. The stated problem can be solved 
easily by placing a servo motor on one of its actuator 
in a triangular frame of UAS and the tilt angle used to 
nullify the yaw angle moment. The installation of the 
servo motor provides one-axis tilt for better movement 
and sudden turn. The issue stated above of yaw angle 
from the coaxial tri-rotor point of view can be 

resolved by installing two counter rotating actuators to 
prevent return torque. 

 

Figure 1. The configuration of the coaxial tri‐rotor unmanned 
aerial vehicle. 

Notice that there are two rotors on each rotational 
axis where the upper one rotates in a clockwise and 
lower one rotates in an anti-clockwise direction as 
shown in figure 1 (Yoo, et. al. 2010). It means that 
both rotors rotate in opposite directions. The main 
advantage of coaxial rotor is that it does not require 
any type of motor to avoid yaw moment. Equation (8) 
and (9) gives force and moment relationship with 
respect to the model where ்݂ 	and ்߬ are the total 
force and turning effect “torque” respectively.  

 

റ݂ ൌ ൥
0
0

െሺ݂1௨ ൅ ݂1௟ ൅ ݂2௨ ൅ ݂2௟ ൅ ݂3௨ ൅ ݂3௟ሻ
൩ 

(3) 

 

ሬ݉ሬറ ൌ ቎
െሺ݂2௨ ൅ ݂2௟ሻ ∗ ݈ ∗ ሺ30ሻݏ݋ܿ ൅ ሺ݂3௨ ൅ ݂3௟ሻ ∗ ݈ ∗ ሺ30ሻݏ݋ܿ

ሺ݂1௨ ൅ ݂1௟ሻ ∗ ݈ െ ሺ݂2௨ ൅ ݂2௟ሻ ∗ ݈ ∗ ሺ30ሻ݊݅ݏ െ ሺ݂3௨ ൅ ݂3௟ሻ ∗ ݈ ∗ ሺ30ሻ݊݅ݏ
߬1௨ ൅ ߬1௟൅߬2௨െ߬2௟ ൅ ߬3௨െ߬3௟

቏ 
(4) 

	
Translational system dynamics are,  
 

ቐ

ሷܺ ൌ ሺݑଵ ݉⁄ ሻሺcos߮ cos߰ sin ߠ ൅ sin߰ sin߮ሻ
ሷܻ ൌ ሺݑଵ ݉⁄ ሻሺsin ߠ sin߰ cos߮ െ sin߮ cos߰ሻ

ሷܼ ൌ െ݃ ൅ ሺݑଵ ݉⁄ ሻሺcos ߠ cos߮ሻ
 

(5) 

Rotational System dynamics are,  
 

൞

ሷ߮ ൌ ௬ܫ൫ݎݍ െ ௭ܫ ⁄௫ܫ ൯ ൅ ሺ݈ ⁄௫ܫ ሻݑଶ
ሷߠ ൌ ௭ܫ൫ݎ݌ െ ௫ܫ ⁄௬ܫ ൯ ൅ ൫݈ ⁄௬ܫ ൯ݑଷ
ሷ߰ ൌ ௫ܫ൫ݍ݌ െ ௬ܫ ⁄௭ܫ ൯ ൅ ሺ݈ ⁄௭ܫ ሻݑସ

	 
(6) 

The (u, v, w) and (p, q, r) are the linear and angular 
velocities of UAS, g is the center of gravity; m is mass 
and ݈ is the distance from the center towards the rotor 
of the UAS (Mederreg, et. al. 2003). To derive the 
model of the UAV by using its rotational subsystem 
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and input of all the rotors which are used in (Das, et. 
al, 2009), the input state space vector is written as 
“X”, controller and output vector is written as “ ௌܷሺݐሻ” 
and “ ௌܻሺݐሻ”. 

 

൜
ሶܺௌሺtሻ ൌ fሺ ௌܺሺݐሻ, ௌܷሺݐሻሻ

ௌܻሺݐሻ ൌ ݄ሺ ௌܺሺݐሻሻ
 (7) 

Following are the state space models, 
	

ቐ
ௌܺሺݐሻ ൌ ሾ݌, ,ݍ ,ݎ ,ଵݑ ,ଶݑ ,ଷݑ ସሿݑ

ௌܷሺݐሻ ൌ ሾݑଵ, ,ଶݑ ,ଷݑ ସሿݑ
ௌܻሺݐሻ ൌ ሾ݌, ,ݍ ሿݎ

 
(8) 

The electric motors may take as input to linearize 
physical model which indicates the rotation rates of 
UAV. Now steady state solution can help to linearize 
the nonlinear behavior of the system, which 
correspond to zero and then it provides equilibrium of 
the system. Simply UAV should be linearized around 
the equilibrium points          	 ௌܺ௢

ᇱ ሺݐሻ, ௌܷ௢
ᇱ ሺݐሻ. 

݂ሺ ௌܺ௢
ᇱ ሺݐሻ, ௌܷ௢

ᇱ ሺݐሻሻ ≡ 0 (9) 

Trim point conditions are used to linearize the 
system it means that the operating point of the UAV is 
specified by the input torque on the rotors of the 
vehicle.   

ە
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ߜ ௠݂ሺ ௌܺ௢
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௡ܺߜ

	௠,௡ܤ ൌ 	
ߜ ௠݂ሺ ௌܺ௢

ᇱ ሺݐሻ, ௌܷ௢
ᇱ ሺݐሻሻ

௡ܷߜ

	௠,௡ܥ ൌ
௠ሺ݄ߜ ௌܺ௢

ᇱ ሺݐሻሻ

௡ܺߜ

 (10) 

Four constants	Bସ,ଵ, Bହ,ଶ, B଺,ଷ&	B଻,ସ and equation 
(12) represents the linear system matrix. The angular 
velocity components (physical model) shown in the 
equation (06). 

To linearize the nonlinear equations by using the 
equation (10), 
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Table 1. UAS constants and its dynamics. 

No. Reference 
Frame 

Euler  
Angles  

and 
Orientation 

Translational 
and 

Rotational 
Velocities 

Forces 
and 

Inertial 
Moments 

1 
Movement 
along the  

x axis 
x u X 

2 
Movement 
along the  

y axis 
y v Y 

3 
Movement 
along the 

z axis 
z w Z 

4 
Rotation at 

x axis  
Roll 

φ p Ix 

5 
Rotation at 

y axis 
Pitch 

θ q Iy 

6 
Rotation at 
z axis Yaw ߰ r Iz 

 
The orientation of UAS is moderate by using Euler 

angles which has a command to control the altitude as 
well as the attitude that rotates at global axis (Phillips, 
et. al. 2001). Furthermore, the global axis system, 
force components, linear velocities, angular velocities 
and inertial system constants are defined in Table 1.  

3 DESIGNING OF CONTROL ARCHITECTURE 
THE control architecture of coaxial tri-rotor UAS 

is same as that of the single rotor UAS. Moreover, the 
control strategies and designing of controller is not 
same as simple tri-rotor UAS.   

3.1 Control Strategies  
All the control strategies of the aircraft is described 

below in which the speed of rotors are denoted by “δ” 
(Yoo, et. al. 2010). 

Altitude Control. Control the height of the UAS. 
The all six rotors must be control (speed) 
simultaneously which is responsible for the altitude 
variations of the UAS. Mathematically, states 
that	δ1୳ ൌ δ1୪ ൌ δ2୳ ൌ δ2୪ ൌ δ3୳ ൌ δ3୪. 
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Roll and Pitch Control. The roll and pitch 
moments are controlled by increasing the tail rotor 
speed of both (upper and lower) rotors which lead to a 
rolling moment and vice-versa. Rolling controls the 
pitch of the tri-rotor. Mathematically, shows that (for 
nose-down)	δ2୳ ൌ δ2୪ ൌ δ3୳ ൌ δ3୪ ൏ δ1୳ ൌ δ1୪, for 
(nose-up)	δ1୳ ൌ δ1୪ ൐ 	δ2୳ ൌ δ2୪ ൌ δ3୳ ൌ δ3୪. 

Yaw Control. The variation in the lower and upper 
rotors may be used to control the yaw by producing a 
torque, which definitely control the yaw moment of 
UAS. Mathematically, shows that (clockwise)	δ1୳ ൌ
δ2୳ ൌ δ3୳ ൐ 1୪ߜ ൌ δ2୪ ൌ δ3୪, for (anticlockwise) 
	δ1୪ ൌ δ2୪ ൌ δ3୪ ൐ 	δ1୳ ൌ δ2୳ ൌ δ3୳. 

3.2 Adaptive hybrid algorithm.  
Model reference adaptive control with integral 

feedback is mostly used in autonomous systems like 
UAS, AUV (Autonomous Underwater Vehicles) etc. 
(Eugene and Kevin, 2013) and (Sarhadi, et.  al. 2016). 
The characteristic of this algorithm is to build up a 
response by an integral state in which its gains are 
frequently adjusted by the PID controller, which is 
also termed as an adaptive hybrid controller. The 
process of an amplified adaptation with approaching 
technique with the system uncertainties in the 
dynamics of the autonomous structure. In the 
meantime, integral state feedback is responsible for 
the cancellation of the noise (Hu, et. al. 2016). Figure 
2 defines the complete structure of our designed 
controller. 

 

Figure 2. Control Structure of the hybrid controller with 
Integral feedback. 

The above controller design is based on the 
controlling the position of the coaxial UAV with wind 
disturbance ݀ሺݐሻ. 
 

ቊ
ሶܺ௦ሺݐሻ ൌ ሻݐ௦ܺ௦ሺܣ ൅ ሻ൯ݐ൫ܷሺߛ௦ܤ ൅ ݀ሺݐሻ

௦ܻሺݐሻ ൌ ሻݐ௦ܺ௦ሺܥ
 (13) 

 
where the complete system representation is 
depending on time, ܺ௦ሺݐሻ State variables of the 
system, ௦ܻሺݐሻ output of the system, ܷሺݐሻ control input, 
,௦ܣ ,௦ܤ ߛ ,௦ are system matricesܥ ∈ ܴ௠∗௠ constant 
diagonal unknown matrix, and ݀ሺݐሻ external 
disturbance. Now the tracking error of the entire 
system with respect to integral feedback can be 
written as,  

 

e୍ሺtሻ ൌ න Yୱሺtሻ െ Yୖሺtሻ
୲

଴
	 (14) 

 
where	 ௦ܻሺݐሻ is the system actual and	 ோܻሺݐሻis the 
reference output’s state of the system with respect to 
time due to its varying ability. The controller major 
topic is to force ௦ܻሺݐሻ to follow the output reference 
signal	 ோܻሺݐሻ in which controller major task is to force 
the actual system to follow the reference system and 
can be regulated. By augmented the state vector, 
ܺሺݐሻ ൌ ሾ ሶ݁ூ்ሺݐሻ	ܥௌ	݁ூሺݐሻሿ். Now the open-loop 
generalize form of equation (13) is written as,  
 

ቊ
Xሶ ሺtሻ ൌ AXሺtሻ ൅ Bγ൫Uሺtሻ൯ ൅ BୖYୖሺtሻ

Yሺtሻ ൌ CXሺtሻ
	 (15) 

 
where, the extended form of system matrix is ܺሺݐሻ ൌ
൫݁ூ

்ሺݐሻ ௌܺ
்ሺݐሻ൯

்
and their dimension is written as, 

݊ ൌ ݊ௌ ൅ ݉. The extended open loop matrices is 
written as,  

A ൌ ൤
0 Cୗ
0 Aୗ

൨ ; B ൌ ൤
0
Bୗ
൨ ; 

Yୗሺtሻ ൌ ሾ0 Cୗ ሿ; Bୗ ൌ ቂെI
0
ቃ 

(16) 

 
The controllability of extended pair matrices is 

shown in (16) which is ሺܣ, ሺܤ	ߛሻሻ. It is not hard to 
appear the extended pair is controllable 

when;	݀݁ݐ ൬
ௌܣ ߛௌܤ
ௌܥ 0 ൰ ് 0. The most important need of 

suggested controller is to follow the output of the 
system	 ௦ܻሺݐሻ and time varying reference signal ோܻሺݐሻ 
in the occurrence of uncertain system dynamics of	ܣ 
and ߛ. The Hurwitz matrix can be considered as a 
reference ܣோ connected with an unknown constant and 
positive diagonal of	ߛ. At present, the output of the 
required system can be established by this matrix. 

 
ோܣ ൌ ܣ ൅ ௑ߩߛܤ

்  (17) 
 
Equation (17) provides the matching condition of 

the system. Now by substituting (17) into equation 
(15) gives, 

ሶܺ ሺݐሻ ൌ ሻݐோܺሺܣ ൅ ሺߛܤ ௖ܷሺݐሻ െ ௑ߩ
்ܺሺݐሻሻ ൅ ோܤ ோܻሺݐሻ (18) 

  
A predictable control scheme is proposed in which 

MRACI and PID is combined. For this proposed 
algorithm, the control signal ܷሺݐሻ in (15) is built for 
the combination of two inputs.  

ܷሺݐሻ ൌ ܷெோ஺஼ூሺݐሻ ൅ ܷ௉ூ஽ሺݐሻ (19) 
 
The different roles of two inputs are as follows,  
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ቐ

ܷெோ஺஼ூሺݐሻ ൌ ො௑ߩ	
்ሺܺ௦ሺݐሻሻ

ܷ௉ூ஽ሺݐሻ ൌ 	݇௉ூ஽ܺ ൌ െ݇௣݁ூሺݐሻ െ ݇௜ ׬ ݁ூሺݐሻ
௧

଴
െ

݇ௗሺ݁ூሺݐሻ݀/݀ݐ	ሻ

     (20) 

 
The goal of the PID controller is to generalize the 

poles of a closed loop system in a mode in which 
reference system matrix ܣோ is attained and have 
information about A and γ matrix. In the present 
uncertainties model of the system, the usually PID 
controller is not able to follow the preferred output of 
the UAS. Therefore, the hybrid controller is proposed 
in this study to track the desired or reference path of 
the UAS. Currently the algorithm of the anticipated 
controller for the UAS, the most accurate system 
matrices are less known. Therefore, the MRACI takes 
part to deal with uncertainties substituting the adaptive 
controller part	ܷெோ஺஼ூin the equation (18). 

Xሶ ሺtሻ ൌ AୖXሺtሻ ൅ Bγሺρଡ଼
୘Xሻ ൅ BୖYୖሺtሻ (21) 

 
The reference system on behalf of (21) is written 

by,  

ሶܺோሺݐሻ ൌ ሻݐோܺோሺܣ ൅ ோܤ ோܻሺݐሻ (22) 
 
Now, the state error tracking could be, 

݁ሺݐሻ ൌ ܺሺݐሻ െ ܺோሺݐሻ (23) 
The dynamics of the error is defined as,  

ሶ݁ሺݐሻ ൌ ሻݐோ݁ሺܣ ൅ ௑ߩሺߛܤ
்ܺሻ (24) 

 
Theorem: By using Lyapunov candidate function, the 
convergence of the system error signal can be written 
as,  

˅ሺ݁ሺݐሻሻ ൌ ்݁ሺݐሻ ோܲ݁ሺݐሻ ൅ ௑ߩ∆ሺ݁ܿܽݎݐ
௑ߚ்

ିଵߩ∆ߛ௑ሻ (25) 
 
Proof: ߚ௑ is the adaptation rate and trace (.) is the 
operator of matrix trace, the diagonal matrix	 ோܲ ൌ
ோܲ
் ൐ 0, now by neglecting the other variants to 

classify the resolution of Lyapunov candidate task that 
is	ܣோ் ோܲ ൅ ோܲܣோ ൌ െܳ. The positive specific matrix 
which would be written as	ܳ ൌ ்ܳ ൐ 0. The 
derivative of Lyapunov candidate function is as 
follows, 

ሶ˅ ൫݁ሺݐሻ൯ ൌ െ்݁ሺݐሻ்ܳ݁ሺݐሻ
൅ ௑ߩ∆൫݁ܿܽݎݐ2															

்൛ߚ௑
ିଵ	ߩො௑ሶ

൅ ்ܺ݁ሺݐሻܲܤൟߛ൯ (26) 

 
Therefore, by applying “trace” as a vector identity 

which is valid for only two dimensional vectors ܣ	&	ܤ 
can be written as, ܤ்ܣ ൌ  ሻ and adaptive்ܣܤሺ݁ܿܽݎݐ
law can be written as,  

ො௑ሶߩ ൌ െߚ௑்ܺ݁ሺݐሻܲܤ. 
(27) 

 
Then the resultant is, 

ሶ˅ ሺ݁ሺݐሻሻ ൌ െ்݁ሺݐሻܳ݁ሺݐሻ ൑ 0   (28) 
 
Which confirms the desired stability of the system.  

3.3 Anti‐windup compensator with wind 
disturbance test.  

The proposed adaptive hybrid controllers have 
their own constructive feature in the model. However, 
the uncertainties of the system can deal with the 
adaptive controller in which integral action can help 
the system to remove the disturbances in the system. 
Moreover, the Anti-Windup Compensator (AWC) is 
used to adjust the performance of the controller when 
the input saturation in the UAV dynamics occurs 
(Turner, et. al. 2015). Lastly, the efficiency of the 
system is cross checked by adding the continuous 
wind disturbance in the system to ensure the 
robustness and efficiency of the controller. Now, by 
considering the Riccati based controllable and 
Observable equation (Kahveci, 2009) which can be 
written as, 

஺ௐ஼ܣ
் ܲ ൅ ஺௎ீܣܲ ൅ ܳ െ ஺௪௖ܤ஺௪௖ܴିଵܤܲ

் ܲ ൌ 0 
(29) 

 
Where, it could be shown in state-space representation 
now the entire system can be written as,	 

஺ௐ஼ܣ ൌ ܣ ൅ ,ଵିܳܮܤ ஺ௐ஼ܤ ൌ  ,ܤ

஺ௐ஼ܥ	  ൌ ሾሺିܳܮଵሻ்	ܫሿ், ஺ௐ஼ܦ ൌ 0  (30) 

By implementing ିܳܮଵ for anti-windup 
compensator matrices, ܣ஺ௐ஼ and ܥ஺ௐ஼ where	ܣ ൅
ܳ ଵ, is Hurwitz andିܳܮܤ ൐ 0 and	ܷ ൐ 0.    The AWC 
can be described as,  

 ሶܺ஺ௐ஼ሺݐሻ ൌ ஺ௐ஼ܣ ஺ܺௐ஼ሺݐሻ ൅ ஺ௐ஼ܤ ஺ܷௐ஼ሺݐሻ   (31) 

The ஺ܷௐ஼ሺݐሻ	and	 ஺ܺௐ஼ሺݐሻ are the controller and 
input of AWC. The saturation of the system can be 
calculated as,  

஺ܷௐ஼ሺݐሻ ൌ ሺ݊݃ݏሼݐܽݏ ௖ܷሺݐሻሻሽ, (32) 
 
where  

൫݊݃ݏ ௖ܷሺݐሻ൯ ൌ ቐ
1 ݎ݋݂ ௖ܷሺݐሻ ൐ 0	
0 ݎ݋݂ ௖ܷሺݐሻ ൌ 0
െ1 ݎ݋݂ ௖ܷሺݐሻ ൏ 0

 
(33) 

 
The modified control signal could be,  
 

௖ܷሺݐሻ ൌ ݇௉ூ஽൫ܺሺݐሻ ൅ ஺ܺௐ஼ሺݐሻ൯ ൅ 
ො௑ߩ                         

்൫ܺሺݐሻ ൅ ஺ܺௐ஼ሺݐሻ൯ െ ஺ܷௐ஼ሺݐሻ (34) 
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(Wind disturbance test): Initially, wind 
disturbance is in the direction as that of flight, thus 
causes the flight to deviate from the reference path, 
and in certain circumstances, this may lead to flight 
failure. Therefore, in this study, wind disturbance test 
in included to validate the proposed adaptive hybrid 
controller. In order to perform the test, artificial wind 
is created (Venugopalan, et. al. 2012), as described by 
the wind velocity polynomial 
 

௏ܹ ൌ െ1.13ݔହ ൅ ସݔ4.35 െ ଷݔ629. ൅ 
ଶݔ3.49 െ ݔ2.79 ൅ 3.19 (35) 

 

The controller efficiency is validated by taking the 
wind velocity from the UAV’s x-axis i-e 1.25m/sec, 
causing 12.5° change in roll angle to hovering state. 
Since, the gravity “݃௘”  is supposed to be equal to the 
hovering state “ݑ௫”, therefore the wind disturbance is 
applied to roll angle along UAV’s x-axis.  

௫ݑ ൌ
݃௘
߮݊ܽݐ

 (36) 
 

Moreover, tri-rotor UAV’s are appearing to be 
slow for any change in aerodynamic interface, noise or 
wind disturbances, therefore a constraint in wind 
disturbance is incorporated as follows 

 

ቐ
௫തതതݑ ൌ ሻݐߨ௫ܵ݅݊ሺ4ݑ ൅ ݀ிଵ ൅ .ሚܣ ሺሻݏ݀݊ܽݎ

௬തതതݑ ൌ ሺ2ݏ݋ܥ௬ݑ ൌ ሻݐߨ4 ൅ ݀ிଶ ൅ .ሚܣ ሺሻݏ݀݊ܽݎ

௭തതതݑ ൌ ݀ிଷ ൅ .ሚܣ ሺሻݏ݀݊ܽݎ

 
(37) 

 

where the wind disturbance external forces are written 
as, “ݑ௫തതത”, “ݑ௬തതത” and “ݑ௭തതത” beside with the nonlinearity 
applied to the aerial vehicle in the direction of 
universal axes respectively, whereas the constant 
components of wind are “ݑ௫” and “ݑ௬”. The degree of 
random noise is denoted as “ܣሚ” and the varying time 
interface force is written as;	݀ሺݐሻ ൌ ሾ݀ிଵ, ݀ிଶ, ݀ிଷ		ሿ. 
Now rewrite the aerodynamic interface force which is, 
 

݀ሺݐሻ ൌ ൤
0.1ܵ݅݊ሺ0.1ݐߨሻ, ,ሻݐߨሺ0.1ݏ݋ܥ0.1

ሻݐߨሺ0.1ݏ݋ܥ0.1
൨ (38) 

3.4 Simulation Results and Discussions.  
In this section, the simulated results to verify the 

effectiveness and validity of the proposed control 
algorithm. The control diagram of the proposed 
controller is shown in figure 2 and control algorithm is 
simulated on Simulink MATLAB for the validation. 
The model constraints and controller constraints of the 
UAS are defined in table 2 and 3 respectively. 

The selected state for hovering of UAS uses input 
as a reference signal which is constant and the 
orientation of the system is fixed by stabilizing its 
attitude angles. The variable input of the system used 
as a reference state with the help of linear and angular 
velocities of the UAS that appears to be real 
presentation. The effectiveness of the proposed 
controller is proven and shown in the results of the 

reference state. Furthermore, translational and 
rotational velocity subsystems help UAS to reach the 
reference state. Whereas, the primarily error is 
measured by angular velocity subsystem to reach the 
preferred location of the UAS at the desired position. 
The complete performance of the UAS is governed by 
MRACI, its gains are fine-tuned by PID controller and 
stability is proved by Lyapunov stability function. 
Simulations in figure 03-07 show the robustness and 
effectiveness of the proposed controller.  
 
Table 2. Model and controller constraints of UAS 

Constraints Standards S.I Units 
(Mass) “m” 1.482 Kg 
(G.F) “g” 9.81 m/s2 

݈ 0.4252 m 
Ix 0.4015 Kgm2 
Iy 0.4015 Kgm2 
Iz 0.4221 Kgm2 
 ௫ 0.75 Nݑ
 ௬ 0.75 Nݑ
 - ሚ 0.19ܣ
 - 0.015 ߩ

 

 

Figure 3(a), (b), (c). The Orientation of the UAS.  

 

Figure 4(a), (b), (c). The Euler angles of the UAS.  
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Figure 5(a), (b), (c). The Rotational Velocities of the UAS.  

 

Figure 06(a), (b), (c). The Translational Velocities of the UAS.  

The starting position of the UAS in this case is (0, 
0, 0) m and (9, 9, -2) deg whereas the desired position 
and attitude angles are: x=y= z=10m,	 ߮=θ=0 and 
ψ=5deg shown in figures 03(a), (b), (c) and 04(a), (b), 
(c) respectively. The designed scheme of the UAV 
managed to control the coaxial tri-rotor at the 
preferred altitude and attitude in a short interval of 
time. The elevation z and yaw angle Ψ noticeably 
shows that it converges to the desired response rapidly 
without any oscillations. Furthermore, the altitude z 
reaches to the preferred value at u1. The roll and pitch 
angles have small oscillations to reach the preferred 
value but there is very little variation in their 
amplitude.   

 

Figure 07(a), (b), (c), (d). The Control Input of the UAS.  

The angular and linear velocities are shown in 
figure 05 and 06 respectively showing the same 
response as the conforming location and attitude 
angle. These velocity responses represent the 
robustness and validity of the proposed controller.  

Input (u1, u2, u3, u4) responses shown in figure 07 
demonstrate the input controller converges to their 
desired values at (10, 0, 0, and 0) after a very short 
interval of time. However, u1്0 confirms the time 
invariant in a finite interval of time. Moreover, initial 
responses of u1 and u4 have high fluctuations in their 
amplitude. The aero- dynamics forces have 
uncertainty problems which are taken as a disturbance 
in the model of coaxial tri-rotor UAV.  

The disturbances of the proposed controller are not 
visible which may lead to designing phase. Therefore, 
two computer simulations are implemented to check 
the validity of the designed hybrid controller scheme 
which is based on its altitude and position tracking of 
the UAS. After that it will clearly see that the 
controller converges to the desired value in a short 
interval of a time, but their convergence rate is 
apparently dissimilar. The results show that the 
designed controller is reliable and have fast 
convergence at desired values with no steady state 
error to perform the altitude and attitude tracking of 
coaxial tri-rotor UAS. 

4 CONCLUSION  
THIS article proposes adaptive hybrid controller 

for controlling the position of coaxial UAS in the 
presence of input saturation and external wind 
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disturbance. The AWC controlled the input saturation 
significantly in the presence of wind disturbance. The 
designed scheme stabilized the dynamic uncertainty 
with greater potential to the actuators of the UAS. The 
proposed controller handled the input saturation, 
model uncertainty and wind disturbance effectively. 
Moreover, the controller validates the desired or 
reference path of UAS. The performance of our 
proposed hybrid controller outperforms all previous 
MRAC based control schemes. 
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